By the use of density functional calculations it is shown that the edges of a two-dimensional slab of insulating MoS 2 exhibit several metallic states. These edge states can be viewed as one-dimensional conducting wires, and we show that they can be observed directly using scanning tunneling microscopy for single-layer MoS 2 nanoparticles grown on a support. DOI When a bulk insulator is terminated by a surface, it is well known that localized two-dimensional metallic surface states may appear [1] . In the present Letter we address the question whether a two-dimensional insulating material may also show localized metallic states at the edges. Such edge states would then be a realization of a onedimensional metallic wire. The possibility of finding such edge states has previously been discussed in connection with graphene structures [2, 3] , but to our knowledge no experimental evidence has yet been reported. Here we focus on single-layer MoS 2 nanostructures. Such structures can be grown experimentally on a reconstructed Au(111) substrate and studied using scanning tunneling microscopy (STM) [4] . It is found that the MoS 2 nanoclusters show a brim of very high conductance extending all the way around the edge; see Fig. 1 .
If the yellow brim can be associated with metallic edge states, it means that we are observing in Fig. 1 a set of nanosized, metallic, closed wires.
Using density functional theory (DFT) calculations we show in the following that the edges of single-layer MoS 2 have up to two localized metallic states. These states are not associated with dangling bonds but reflect subtle changes in the electronic structure close to the edges. We also show using the Tersoff-Hamann formalism [5] that simulated STM images have a bright structure at the edge similar to the one we have observed experimentally for MoS 2 clusters on Au and that the bright structure is associated with one of the edge states. The STM experiments can therefore be taken as direct observations of onedimensional, metallic edge states.
MoS 2 is a layered compound consisting of S-Mo-S sandwiches. We consider a single layer and study the edges in a model system consisting of a stripe of MoS 2 repeated in a supercell geometry; see Fig. 2 .
The stripe is terminated by two kinds of edges, the sulfur-terminated ͑ 1010͒ edge and the molybdenumterminated ͑1010͒ edge. In this Letter we focus on the Mo edge with adsorbed S dimers. Based on our calculated energetics [6, 7] this is the most likely equilibrium edge structure in excess of H 2 S, and it is in addition the structure where the calculated STM picture most closely resembles that of the experimental structure in Fig. 1 . There are a number of other edge structures with S monomers, with H adsorbed, or even the opposite (sulfur-terminated) edge that are close in energy, and most (but not all) of these structures show metallic edge states. The existence of the metallic edge states does therefore not depend crucially on the studied structure. This issue will be addressed in more detail elsewhere [7] .
The details of the DFT calculations are as follows [8 -11] : The Kohn-Sham (KS) orbitals are expanded in plane waves with kinetic energies below 25 Ry and the Brillouin zone is sampled in a one-dimensional grid with 12 special k points [12] in the k x direction. The ionic cores are replaced by ultrasoft pseudopotentials [13] , and to treat exchange and correlation the PW91 functional is used [14] . First, the one-electron KS equation is solved by iterative diagonalization and the resulting KS eigenstates are populated according to the Fermi distribution. Then the Pulay mixing of densities is applied and the entire procedure is repeated until self-consistency is obtained. The total energies are subsequently extrapolated to zero temperature. In all calculations the atomic structure is optimized by allowing each atom to relax according to the calculated forces. It is well known that bulk MoS 2 is a semiconductor. The experimental band gap is 1.23 eV [15] , whereas the calculated value has been reported to be 0.77 eV [16] . As indicated in Fig. 3 this is also the result of our DFT calculations for a single-layer MoS 2 slab which we find to have a direct band gap of 1.64 eV.
For the MoS 2 stripes which have edges included, the band structure has changed significantly. In Fig. 3 it is seen that the MoS 2 stripe has three bands crossing the Fermi level, implying the existence of three onedimensional metallic states, labeled I, II, and III, respectively. Direct inspection of the corresponding KS wave functions reveals that III is localized at the S edge, whereas states I and II are associated with the Mo edge. The two metallic wave functions at the Mo edge are shown in Fig. 3 . Edge state I has a Fermi wave vector of k F Ӎ 0.39 Å 21 and is seen to be almost completely localized at the S dimers. It is a superposition of p x orbitals extending in two parallel chains along the edge. Edge state II is seen to extend over the first three rows having k F Ӎ 0.67 Å 21 . The nature of this state is somewhat more complicated than for I. It is primarily constituted by two bonds: (1) the d-d bond between the first row Mo atoms and (2) the p-d bond between the two second row S atoms and the Mo atom behind.
We now turn to the question whether the metallic edge states give rise to the striking yellow brim observed in our STM pictures of MoS 2 nanoclusters seen in Fig. 1 [4] . The nanoclusters are synthesized under ultrahigh vacuum conditions using the reconstructed Au(111) surface to disperse MoS 2 into triangular nanocrystals with a uniform size distribution. The atomic-scale structure of clusters is explored by a homebuilt STM operated in the constantcurrent mode. Further details are described in Ref. [4] We have simulated an STM image within the Tersoff-Hamann model [5] . According to this model a constantcurrent STM image simply reflects an isosurface of the local density of states (LDOS). Because of the discrete sampling of the Brillouin zone this quantity is calculated by replacing each energy level with a Gaussian of finite width. The LDOS contour value is fixed by the experimental data: An STM image is simulated for a single-layer MoS 2 slab on Au(111) [17] . The contour value is then determined by matching the experimental corrugation measured along the close-packed row of S atoms in the interior of a nanocrystal to the corresponding corrugation of the simulated image. In this way a value of LDOS 8.3 3 10 26 ͑Å 3 eV͒ 21 is obtained. This corresponds to an average height of 2.72 Å above the top S layer. We also note that, in agreement with previous studies, the simulated image shows the S atoms 196803-2 196803-2 as protrusions whereas the depressions are associated with Mo atoms [16, 18] . The simulated STM image of the Mo edge is shown in Fig. 4 . It reproduces several important features of the experimental image. In particular, we clearly see the yellow brim behind the S dimers. Comparing with edge state I the brim is seen to be due to the p orbital originating from the p-d bond between S and Mo. We also note that the protrusions in the row of the S dimers at the edge are not associated with the S atoms but rather reflect the interstitial region between the S dimers. This is again in agreement with the experimental observation. The behavior can be attributed to edge state I since the constituent p x orbitals have a node on each S atom.
The one-dimensional metallic edge states could be candidates to form a Peierls system resulting in the opening of an energy gap at the Fermi energy [19] . Even a small gap would, of course, destroy the conducting properties of the edge states at low bias. The STM images do, in fact, exhibit a variation with a period of two at the Mo edge, and this could be taken as support for the occurrence of an atomic rearrangement due to a Peierls instability. However, increasing the size of the unit cell to include two atomic rows, thus allowing for a periodicity of two, does not show any change in either the atomic or the electronic structure. The result is not surprising since the values of k F for both metallic states differ from half filling. Indeed, it turns out that given the values k F 0.39 and 0.67 Å 21 , it is not possible for either of the wave vectors to increase the periodicity of the system such that they coincide FIG. 4 (color) . Simulated STM image for the model system with (a) and without (b) an underlying Au(111) substrate. For clarity the Au atoms have not been retained in the MoS 2 ͞Au͑111͒ STM image. The color scale is black ! red ! yellow and corresponds to a corrugation of 1.5 Å.
with the boundary of the first Brillouin zone for a reasonably small unit cell. The DFT calculations therefore suggest that the metallic edge states are stable against atomic rearrangements.
This leaves us with the question why the STM images show a period two modulation at the edge. We suggest that it may be due to the finite size of the MoS 2 nanoclusters. The corners of the nanoclusters may, for example, induce atomic relaxations along the edges since the calculations show that the horizontal S dimer potential is very weak. (A displacement of 0.4 Å changes only the energy on the order of 10 meV.) The finite size could also give rise to standing wave patterns at the Fermi energy. Calculations on small triangular MoS 2 clusters do, in fact, show indications of a period of two at the edges [7] . Given the complexity of the system other explanations can therefore not be ruled out. In particular, if the experimental values of k F differ from the corresponding calculated values, the possibility of a broken-symmetry ground state is evident.
The MoS 2 clusters shown in Fig. 1 are deposited on an Au surface and the question arises whether the edge states and the imaging of these states are strongly influenced by the presence of the substrate. Clearly the substrate must be important for the imaging of the interior of the clusters: MoS 2 is an insulator with a band gap much larger than the bias applied in the STM experiment. Without the interaction with the substrate imaging of the interior would not be possible except for effects caused by defects in the MoS 2 . This is also implied by the calculated STM image of the MoS 2 stripe shown in Fig. 4 . In order to investigate the influence of the Au substrate we have carried out calculations for the MoS 2 stripe with an underlying Au(111) surface. The simulated STM image is shown in Fig. 4 , and here it is seen that the imaging of the edge remains essentially unchanged. This in turn indicates that the underlying electronic structure of the metallic edge states is not significantly perturbed. We note that the calculated height of the yellow brim relative to the height of the basal plane (0.39 Å) is in agreement with the measured value (0.4 6 0.1 Å).
It should be mentioned that MoS 2 triangles of finite size will, in principle, have a discrete electronic excitation spectrum. The level spacing can be estimated as W ͞N sites , where W is the bandwidth. The metallic edge states in Fig. 3 have a bandwidth of the order 1.0 eV, and for a triangle of the size shown in Fig. 1 we thus obtain 1.0 eV͞40 25 meV. Hence, even at room temperature electronic states above the Fermi level are available for conduction at small bias voltages.
We have shown that two one-dimensional metallic channels exist intrinsically in single-layer MoS 2 , and we have shown that these states can be directly observed experimentally using STM. One-dimensional metallic wires have been studied extensively during the last two decades using semiconductor heterostructures [20] . In the mesoscopic regime, that is, on the length scale of mm for 196803-3 196803-3 these systems, interference of the conduction electrons becomes important and results in pure quantum phenomena such as the Aharanov-Bohm effect, persistent currents, and weak localization. The closed one-dimensional metallic wires formed by the single-layer MoS 2 clusters may provide a template for studies of quantum effects on a length scale 3 orders of magnitude smaller than what can be achieved using conventional semiconductor techniques.
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